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CONFERENCE SUMMARY 


The purpose of the conference was to explore the potential 
application of communication technology to the writing, 
reading and detection of high density magnetic recording 
signals. Seven domestic and three overseas locations were 
represented by the 38 attendees. Included were: Boulder, 
Tucson, Rochester and San Jose Product Development Lab¬ 
oratories; Owego, Electronic Systems Center; San Jose, 
Yorktown, and Zurich Research; as well as Hursley and La 
Grande. Twenty-three formal and two informal papers were 
presented during the two and a half day conference. The 
papers were divided into three broad areas: Partial Re¬ 
sponse Signaling, Equalization, and Error Correcting and 
Modulation Codes. A separate panel discussion was conducted 
on each of these areas after the presentation of papers in 
that field. All sessions were 100% attended indicating both 
the high level of attendee interest and the benefit of the 
offsite location. All seemed to concur that the conference 
was extremely enlightening and the topics very applicable 
and useful in their work. 

The first day was devoted to Partial Response Signaling. 
Partial Response is a method of reducing the channel band¬ 
width requirements such that more data can be transmitted 
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in a given bandwidth. In magnetic recording this implies 
more bits per inch for a fixed set of device technologies 
(heads, media, etc.). Viterbi Decoding is a method of en¬ 
hancing detection in partial response systems by decoding 
sequences of bits rather than one bit at a time. All agreed 
that the most likely choice for magnetic recording was 
either class IV or class I partial response. The majority 
favored class IV since it more closely matches the recording 
channel transfer function. Viterbi decoding in conjunction 
with partial response appears to be the most reliable 
detection approach. It remains to be shown whether Viterbi 
Decoders can be built fast enough for fixed disk needs or 
low cost enough for multi track tape requirements. 

The second day concentrated on Equalization. The general 
consensus is the Equalization is the most likely communica¬ 
tion technology to be used in most of IBM's recording devices 
Extensive write and read equalization is already in use in 
Tucson products. Write precompensation has been used in San 
Jose and Rochester products in addition to shaping the 
amplitude response of low pass read filters. Much interest 
was generated in papers describing methods of equalizing on 
the write side. This avoids the potential problems of 
boosting high frequency noise - the most significant limi¬ 
tation of read equalization. As recording densities increase 
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some form of adaptive equalization is likely to be required. 
There are strong indications that adaptive equalization may 
be required for products that follow the Saguaro half inch 
tape drive. Disks may require changing the equalizer response 
from outside to inside tracks. It was generally felt that 
partial response signaling would require more accurate 
equalization than in conventional recording systems. 
Equalization in magnetic recording is a discipline that is 
very well understood today compared to five or six years 
ago. 

The latter part of the second day and the morning of the 
third day were devoted to modulation codes and error cor¬ 
recting codes. A paper was presented on sliding block 
modulation codes where a wide variety of run-length and 
spectral constraints can be realized. Much of the ECC 
discussion centered on a proposed universal Reed Solomon 
Decoder. All agreed such an effort should be pursued. 

However, local efforts directed toward specific products 
should also continue. Serious concern was expressed that 
IBM may lose the initiative to a competitor if we do not 
maintain a strong ECC effort on magnetic recording products. 

The abstracts and foil copies that follow are meant to give 
the reader the main ideas of what each speaker presented. 

The informal nature of the presentations are reflected in 
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the variable quality seen in the foils. The intention was 
to coinmunicate as many technical ideas as possible with a 
minimum of time required to prepare the talks. Additional 
technical details may be obtained by contacting the authors 
directly. 


Richard C. Schneider 
Technical Program Chairman 


RCS/gh/57-59 
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PARTIAL RESPONSE TUTORIAL 


By 

R. C. Schneider, 68Y/060-1, Tucson 

This talk gives a quick overview of partial response sig¬ 
naling as applied to a magnetic recording channel. An 
excellent formal paper is: "Partial Response Signaling" by 
P. Kabal and S. Pasupathy, IEEE Trans Comm, Vol. COM-23, No. 
9, Sept. 1975. The talk begins with a review of basic 
definitions. This is followed with several examples of un¬ 
equalized channel responses and equalizer requirements. 

There are many types of partial response systems as out¬ 
lined in the above reference. It is shown that class IV 
partial response has several desirable properties: a null 
at dc, a null at 1/2T (the "all ones" frequency), and three 
level detection. Class IV, therefore, appears most appro¬ 
priate for magnetic recording systems. A possible alterna¬ 
tive is Class I or duobinary. However, duobinary does not 
have a null at dc. Therefore, a dc balanced code and/or 
write waveform restoration may be required. Another alter¬ 
native to reduce bandwidth is the use of (d,k) codes where 
(d'/'o) such as the (2,7) or (l,k) codes. Other partial 
response systems require the detection of five or more 
levels. The Viterbi Algorithm may be used (as an effective 
way of improving detection reliability. It does this by 
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detecting sequences of bits rather than bit by bit. A brief 
explanation of each of the foil figures is given below. 

Figure 1 is a block diagram description showing the un¬ 
equalized recording channel, the equalized recording channel, 
the equalizer and other major channel components. Figure 2 
illustrates two methods of obtaining the channel transfer 
function. Figure 3 is a typical transfer function magnitude 
of an unequalized recording channel. Figure 4 shows one 
possible desired equalized read pulse. Figure 5 shows the 
transfer function magnitude for the read pulse of Figure 4. 
Figure 6 compares the desired transfer function with the un¬ 
equalized recording channel transfer function. Figure 7 
shows the equalizer response required to convert the un¬ 
equalized response to the desired response. Figure 8 com¬ 
pares the unequalized channel response with the desired ' 
response for a "double density" system. In this case, 
significant high frequency boost is required in the equalizer 
The equalizer response shown in Figure 9 has a maximum gain 
of 190. The desired response for a class IV partial response 
system for double density is shown in Figure 10. The re¬ 
quired equalizer response is shown in Figure 11, a maximum 
gain of only 3.5 is needed. The general block diagram of an 
infinite bandwidth partial response system is given in 
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Figure 12. Figure 13 compares the ideal equalized read 
pulses for cosine squared and class IV partial response. 

Figure 14 shows the block diagram relationship between the 
recording channel and a partial response representation. 

Figure 15 shows the pulse response of the class IV partial 
response system. Figure 16 shows an ideal infinite band¬ 
width class IV partial response block diagram, transfer 
function and magnitude response. Figure 17 illustrates a 
finite bandwidth class IV partial response system. Figure 
18 shows how a pulse input can be used as an input to the 
class IV system. Figure 19 shows a simplified block diagram 
and transfer function magnitude for the class IV system with 
pulse input. Figure 20 is a repeat of Figure 10. It compares 
the transfer function response derived in Figure 19 with the 
unequalized channel response. Figure 21 shows a block and 
timing diagram for a class IV system without a precoder. 

Figure 22 is the truth table for the digital read filter 
shown in Figure 21. Figure 23 outlines a class IV system 
using a precoder. Note that the number of bits between 
write current transitions is k+2 if a precoder is used with 
a (0,k) code. Figure 24 is taken from the reference article 
and shows the transfer functions and impulse responses of 
various partial response systems. Figure 25 outlines a 
class I (1+D) duobinary partial response system including a 
1/1+D precoder. The precoder is shown to be an NRZ to NRZI 
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converter. Figure 26 shows a read signal that would be in 
error in a threshold decoder. A Viterbi decoder would be 
able to correctly decide that ideal sequence #3 was the 
correct sequence. 


/4&51 
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ZURICH ACTIVITY IN MAGNETIC RECORDING 


F. Dolivo 

IBM Research Laboratory, Zurich, Switzerland 
January, 1981 

ABSTRACT: We proposed earlier a magnetic recording system using 
partial-response class IV signaling in conjunction with soft Viterbi decoding. 
This system is presently in an advanced stage of implementation. In 
partial-response class IV signaling, no energy is transmitted at DC and at the 
Nyquist frequency. This scheme is thus well suited for the magnetic 
recording-channel. The Viterbi decoder working on the sampled outputs of a 
matched receiver filter is optimum, performing maximum likelihood sequence 
estimation. 

After exposing the theory, the implementation of the Viterbi decoder for 
partial-response class IV signaling is discussed in detail, and shown to be 
very simple. Codes encoding K bits into K + 1 (K = 8 or 9) are then presented. 
These codes, developed by us, further concentrate the energy in the trans¬ 
mission band of the channel, insure transitions for timing recovery and allow 
the Viterbi decoder to achieve its theoretical performance with a memory length 
of 12 bits only. 

The Viterbi decoder and the block encoder/decoder have been implemented in ven¬ 
dor low power Shottky technology, and work up to 10 Mbits/sec using 8 bits A/D 
(soft decoder) and 12 bits arithmetic. With Advanced Low power Shottky Tech¬ 
nology (ALS), 5 bits A/D and 8 bits arithmetic the speed could be pushed up to 
40 Mbits/sec and higher speeds can be achieved with an analog implementation. 

An 8th order fiter simulating precisely a recording channel (ACE, POLARIS XI) 
has been built. The sender and receiver filters for this channel are designed 
and presently in construction. The sender consists of a 2nd order low pass, 
and the receiver is a 4th order filter. All the filters are implemented with 
the IBM filter module 5119519. 

Future work will be concerned with timing recovery and automatic gain control. 
In both cases data-directed schemes are envisaged. 
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Samplinj7 Methods ~^or Countering' Intersyrihoi 
Interference in ^''agnetic fecord 1 ng 

One method of connter''.ng the e'^'^ects 1 nterov’ri'bol. 

interference in magnetic recording, ^rhich is a departure 
from past practice, is to use a sampling detector rather 
than neah-picking algorithms. In fact, the sampling ■detec¬ 
tor has been used most frequently in telecommunications sys¬ 
tems with intersymbol interference. 

Figure 1 shows a summary o"^ these sampling methods, '^he 
most common m.ethod is to el iminate the intersymbol interfer¬ 
ence entirely through use o'*’ ai^linear /eq\ialization filter. 
This filter simply ampl‘’'fies high ■f’req'’’Tencies to precisely 
compensate for the high "frequency attenuation of the chan¬ 
nel. This is, of course, at the*" expense o^“ a.npd. i-^i cat ion o"^ 
noise (the so-ca.ld ed noise enhancement^ . "^he optimum 
(minimum noise enhancement) technique in the presence 
additive Gaussian noise is to first apply a “filter matched 
to the basic pulse shape, sample the orxtput at the pulse 
rate, and use a trans''rersal filter (tapped delay line) to 
remove the intersymhol interference, as shown in Figure 2a. 
The res’ilt is a nulse shape which does not inter'^ere with 
its neighbors, and hence a simple threshold con he applied 
to the output to make the data|decision. 

The remaining techniqu.es al.l d’all into the class 
algorithms in which a linear filter is used not to eliminate 
the intersymbol inter'^erence, but r.ather to mo.ke it 


8 ! 

■■* 




causal 


6 ^ 


By caiisal ve that the milse ^haDe eonBi??te a main 

lohe (on which the eel cion ie Tnate) '^olBowe'i, hy resi'^Tial 
intersyinhol inter ference, as ■ ehown hy a tynical nulse 
this tyne on Bi^^ure 1 . The optlnum Bach ^ilter consistB 
aaain of e, matched '^ilter, aampler, ant -^ransverBc,!, ‘^ilter, 
ant is O'^ten callet a ”whitenet matched filter'*. Pianre 2a 
aaain renresentB this ■^ilte^, the only tif'^erence with the 
optiTTinm linea.r equalizer beina in the choice o^ tan weightB 
in the trans'^T'ersal filter, ^he cansality ot the resultina 
intersynhol inter'^erence maVeB the Buhsennent nroceBBiny 
simnler. One way to loop at fhe whitened matched "^ilt^r Ib 

'■ ‘f'l , I* 

as a nhaBe-only ■^ilterina (which iB strictly sneaPin^ true 
only if aliasinp; ef'^ects aee ignored) which does not enhance 
the noise. The Buhse-nn.ent nrac-eBBing is then nonlinear, 
resulting in less noise enha.ncement than with linear equali¬ 
zation. Hence, this class of techniques gives uniformly 
better performance (as measured by error rate in the pres¬ 
ence of additive GauBsian noise) than the linear equalizer. 

The two most sophisticated; techniques in this class a^e 
the ’’hit detector”, an-^. the ’’sequence detector” or ’’Viterbi 
algorithm”, shov/n in Pi^ure 2b. The bit detector is the 
processing which minimizes the nrobabillty of a bit error. 
This processing is quite complicated, and is there'^ore not 
practical. "^he sequence detector gives comparable perfor¬ 
mance to t^e bit detector at hirgh signal —to—noise ratios, 
and is the processing which minimizes the probability of one 


SI 

c5: 


CO. 

o> 



/u 


or more errors ocm.irinf!: in a Ion,?' ssnnonce 'f bits '("this 
criterion is actnaTly more anpronriate than nrohability 
"bit error in systems which use hloch error control tech¬ 
niques) . The sequence detector can he mechanize'^ with a 
dynamic programminiq algorithm called the Viterhi algorithm, 
and can he practically imnlemented (although it is still 
more complicated than the other techniques yet to he men¬ 
tioned) . 

The remaining techniques on Fiyure 1 all trade a 
simnler implementation relative to the sequence detector for 
poorer error rate performance^ They! compensate ■'’or the 
catisal intersymhol interference in either the tra.nsmitter 

("transmitter nreco-liny") or the receiver ("decision ■'’eed- 

I 

hack equalization" or "D?E"), In the DEE, shown in Fif^ure 
2c, the decisions are made as in the linear equalizer hy a 
threshold , and are fed hack through a transversal ■'’ilter 
which renlicates the ca’asal inters^/mhol inter'^’erence to oan- 
cel the intersymhol interference in future decisions. I'f* an 

incorrect decision does occur dtie to noise, this carises the 

: i 

incorrect value to he ■'’ed hack, and results in lower marain 
against noise at ■'’uture decisions (or in the case of se’'^ere 
intersymhol interference, future errors e”’en in the absence 
of noise). This is called "error nronagation", and is one 
nr ice naid ■'’or the s'iraplicit.y O''’ the techainue. 

Transmitter precodina is Similar to the DPE, except 
that the compensation for the causal intersymhol 




interference ie 'ione In the transnitter rather 


than the 


receiver, thus elirninatinv the error nropac;ation. In "riar- 
tial response", the cha.nnel mist he equalised to integer- 
valued samples, resultinf^ to some noise enhancement rel.ati''''e 
to the optimal uhitened matched "^ilter uhich is used ■^or the 
DFS. Except for this noise enhancement, the performance is 
identical to the hut uithout error propafration. In 

"generalised partial resnonse", the requirement for 
intoqer-valued samples is eliminated (and hence so is the 
noise enhancement penalty relative to the DEE'), hut there is 
a douhlin;0; in the peak transmit(ted yolf.aqe, Phis resul,:ts in 
a ft dE penalty in systems vith limited peak transmitted 
power. 

Of those techniq’ies, t^.e linear equaliser, DEE, and 
Viterhi algorithm are heinq investigated for the magnetic 
recording channel,. In particular, the DEE and Viterhi algo¬ 
rithm have shown a suhsto.ntial adv.ontage over linear equali — 

\ 

on this o^nnnnel. 'rIoTfever, when of.’^-traoh ner^'^omance 
oonni^.erei , wh^re there is crosstalk from other channels, 
the situation changes sonewhat. The ; equalization to a 
hroaler on-track causal pulsei' shape causes a hroalenina of 
the crosstalk pulse shape also,; an-l this cannot he comnen- 
satel “^or by ^he or Viterhi a*l yorithm. Hence, the 

ontinum DPE and Viterhi algorithm pulse shares in the nres- 
once synchronous crosstalk is currently under investiga- 




AN EVENT-DRIVEN MAXIMUM-LIKELIHOOD PEAK POSITION DETECTOR 


FOR RUN-LENGTH-LIMITED CODES IN MAGNETIC RECORDING 
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Introduction 

Many of the current digital magnetic recording devices use a peak position data 
detector, making a local decision with respect to a given data-derived clock 
window. As a consequence of an increased linear density with large intersymbol 
interference (ISI) and peak shifts more sophisticated linear and nonlinear 
detection schemes will be necessary which take advantage of the correlation 
between the pulses. Besides equalisation and decision feedback the 
maximum-likelihood sequence estimation applied to pulse amplitude detection 
(PAM) |1| seems to give superior performance. As an alternative this invention 
will describe a Viterbi detector |2| working on pulse position data (PPM). This 
detector could be added to current products without redesigning the whole 
magnetic readback channel. Due to the nonlinearity of the PPM-channel and the 
fact that the restrictions of run-length-limited (RLL) codes |3| will be 
imbedded, the design and analysis will differ from known results. 

Theoretical Background 

For the sake of clarity the following derivations will be made for a MFM-code 
but could easily be extended to other RLL-codes. 


The ideal peak positions of written magnetic 
recording {t } are distorted by ISI and become 

+ z 


transitions in saturated 




where the are functions of the correlated environment. The distances between 
subsequent peak positions will be 

These peak positions or the corresponding differences may be modelled as 
nonlinear observations of a discrete Markov process, Fig.l. Using the distances 
between peaks {At } makes the scheme independent from phase offset or phase 
jitter of the timing recovery. For the MFM-code with run-length constraints 
(d=l,k=3) we get the following possible distances 

This is a normalized notation in multiples of T^ which denotes the time interval 
between subsequent transitions of the clock. For the following example a 
ISI-range of ±4T^ is taken into consideration. 

Defining the states of the discrete Markov model with a fixed number of 
events, namely the maximum number of At 's which fall into the ISI-range (in our 
case 4), we would get a Viterbi-trellis in analogy to a three-level (B=3) 
PAM-scheme and 3 =81 states. This scheme, however, would be highly redundant 


I 


PAGE 2 


because in most cases only two subsequent At^*s are sufficient to define the 
corresponding peak shift. 

To reduce that complexity the states of the discrete model are defined by all 
the combinations {Atj^At^, } which fall into the ISI-range. Consequently 

this gives in contrast to PAM a dynamic influence range. For the chosen example 
we get the decision trellis of Fig. 2 with 16 states 

. .. lU2,2Z)} (i) 

and 48 transitions 

{ ,02,22^22)} 

This trellis could also be viewed as a merge of the former mentioned full-size 
trellis with 81 states. 

r t r r 

It is assumed here that the discrete observations z = At + n coming from an 
appropriately designed peak detector forms a sufficient statistics. The peak 
positions are assumed to be distorted by additive white Gaussian noise which is 
a reasonable approach for high signal to noise ratios (SNR). Consequently we get 
an Euclidean metric for the edge weights of the trellis 

^ 

using the notations of |2|. For the sake of simplicity equiprobable (Atj) were 
chosen, an assumption which, however, could easily be dropped. Therefore as 
shown in |2| we get an optimum structure for maximum likelihood estimation of 
the entire transmitted sequence. Taking into account the a priory probability of 
the {At^} would result in a maximum a posteriory estimator. 

Implementation 

The implementation of a detector may be derived from the decision trellis of 
Fig. 2. Because^.of the uniform interconnection scheme of subsequent layers it is 
possible to implement one layer and use it recursively by feeding back the data 
of each cycle. Fig.3 shows the implementation flow chart for such a recursive 
parallel processor. The detector is event-driven. The calculations within one 
layer are triggered by the detection of a new peak. The implementation has to be 
fast enough to work on the highest possible trans^ition rate. Digital 
implementations with the current technology will hardly meet the speed 
requirements. Analog implementations of a Viterbi detector in satellite 
communication 14| claim a speed which would also meet the requirements of 
current magnetic recording channels. 

i 

Example and Performance 

In the following, simulated data with Lorentzian readback pulses p(t) are 
presented. It would be easy, however, to make the calculations for different 
channel characteristics. For ISI a 30% amplitude drop of an isolated pulse to 
the next possible transition was assumed (Fig.4). 

. (7) 
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where ^ represents the inflection point and is the distance between data bits 
which in the MFM-case corresponds to the highest transition density. Fig.5 shows 
the computed peak shifts where the influence from outside of ±4T^ was truncated. 
Because of the symmetry of p(t) we also get a symmetric peak shift distribution 
which, however, is not a necessary assumption. 


The worst case peak shifts turned out to be ±0.6T^ . So with respebt to a 
detection window of ±0.5T^we already have a closed eye pattern by 20% and 
consequently making local decisions an error rate of almost 100% for critical 
data constellations, without taking into consideration additional phase jitters 
of the reference clock. 

The performance of the Viterbi algorithm is dominated by the minimum distance 
6 in the vector space of the channel output. In contrast to linear channels the 
6-calculations turn out to be more difficult. It can be shown, however, that 
these calculations can efficiently be done with dynamic programming using a 
slightly modified Viterbi trellis. The minimum distance turned out to be 

6 = 0.505 (j) 


So the closed eye could be opened to 50% of the value of isolated pulses with no 
ISI. The error probability of the worst case error event is dominated by 6 
and therefore simply given by a two-hypothesis decision problem. The critical 
error event causing the minimum distance turned out to be a single At-error so 
that the symbol error corresponds to the event error. We get 


I to 








where Q represents the Gaussian error probability function 12]. Assuming a 20dB 
ratio of which corresponds to the signal to noise ratio of isolated pulses, 
we get an error probability of 


r r 

As a consequence of observing the At instead of the absolute values t , to be 
independent of phase errors with respect to the clock^ we get, however, a 3dB 
loss in SNR 



So the error probability of equ.(lO) holds for a 23dB ratio of T^Zor we get 
with a 20dB SNR an error rate of 

0 ?) 

Fig.6 shows the simulated results of a Viterbi detector. The columns represent 
the corresponding decisions in the different layers. White Gaussian noise was 
added with standard deviations ofo^^. = 0.285 and = 0.570, still getting the 
right decisions. The different paths converged 4 layers back from the current 
observation. The trellis was started with a known sequence. The column far to 
the right contains the accumulated lengths along the different trellis paths. 


Another advantage of a PPM versus a PAM detector would be the insensitivity 
against amplitude variations caused e.g. by flying height variations. 
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444423422234444 2.937043165E-31 
444423422234443 0.02543543829 
444423422234442 0.1067239355 
444423422234442 0.005132361184 
444423422234434 0.4892378419 
444423422234433 0.7319010455 
444423422234432 1.009116171 

444423422234432 0.3294320749 =0 

444423422234424 1.920130305 
444423422234423 2.423274843 
444423422234422 4.296826721 
444423422234422 2.167833474 
444423422234224 8.588520877 
444423422234223 9.537062448 
444423422234222 12.42093022 
444423422234222 8.93318015 
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2.229926203 

2.574361523 

1.698982686 

3.7736303 

4.35470397 

6.16131421 

3.765279121 

12.1557492 

13.20093483 

16.02093102 

12.26614368 

Lc 

4 

4.167156442 

k.391022923 

3.941471397 

5.343567359 

5.727951361 

6.139606875 

5.068533297 

7.627130^95 

8.286133098 

10.0258017 

7.362724767 

17.72297752 

18.86480721 

21.62093181 

17.5991072 


6 ^ = 0,2SS' 


0.S70 






6^ 


/> / 


^■(c 2c c rTv' 



y'ec<rf (^&c/ 



y; 





u 



} 

h 




y 


7 c^e. 


- 0,2 




55 - IBM - 


PARTIAL RESPONSE FOR (d?^ 0) CODES 


By 

R. C. Schneider, 68Y/060-1, Tucson 

This talk demonstrates that partial response signaling 
techniques can be applied as an alternative detection 
method for (dT^^O) codes. As the value of d increases from 
0 to 1 to 2, the number of detection levels increases from 
3 to 5 to 9. Both partial response and (dT^ 0) codes are 
methods of lowering channel bandwidth requirements. How¬ 
ever, in general, the combination of these two techniques 
does not result in a compound bandwidth reduction effect. 
Figure 10 and 11 show a case where the major part of the 
bandwidth is reduced to below class IV partial response 
with (d=0) , however, 13 levels are required. 

Figure 1 is a general infinite bandwidth partial response 

channel. Figure 2 compares two equalized read pulses— 

one for a (0, k) code and the second for a (1, k) code. 

Figure 3 shows how the pulse response for the (1, k) code 

2 

channel can be expressed in partial response terms 1+D-D -D 

Figure 5 shows a complete (1, k) partial response detection 
system including a precoder. Note that 5 levels must be 
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detected. Figure 6 shows the reduced bandwidth of a (1, k) 

2 

system compared with a COS equalized (0, k) system. Figure 

7 shows that the class IV partial response used with a (0, k) 

code still has the lowest bandwidth requirement. Figure 8 

shows the equalized read pulse for a (2, k) code. Nine levels 

would be required for detection. The partial response poly- 

2 3 4 5 

nominal would be 1+2D+D -D -2D -D . Figure 9 compares the 

2 

required ( 2 , k) transfer function with COS (0, k), (1, k) 

and class IV (o, k). The class IV (0, k) has the lowest 
bandwidth requirement. Figure 10 shows an extra wide (2, k) 
pulse that might be used to further reduce bandwidth. Thir¬ 
teen detection levels are needed. The required transfer 
function is shown in Figure 11. Although the main lobe is 
below 0.4/T, the response is required to at least 0.66/T. 

The principle conclusion is that the marriage of partial 
response and 0) codes does not bring a significant band¬ 

width reduction or channel capacity increase. If partial 

response is used, the most likely case is with a (1, k) 

. . 2 

code with either 1-D (class IV) three level detection or 
2 3 

the 1+D-D -D five level detection shown in Figure 5. 
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Foil 2 presents? the basic question addressed by 
the in''^estigations reported, specifically, can a 
run-lenrrth linitation enhance the performance of a 
partial response channel? Foils 4 and 5 de'^^elop the 
standard mathematical description of a partial response 
channel from which we extract the point shown on Foil 6 
which gives an over-simplified description of partial 
response in terms what it can do potentially and 
v/hat it cannot do. The basic point is that, we rely on 
the channel impulse response being negligible at 
sampling times for t less than zero to avoid 
interference from futxire data. 

Foil 7 shows equations in support of the statement 
that we can construct a band-width-limited impulse 
response which has periodic zeros for t less than zero 
and the period of these zeros is twice the cut-off 
freauency of the channel. "hus, we. can signal at. a 
s^m^bol rate of the ivquist rate (twice the cut-off 
freouency) with no unpredictable interference from 
future data. Lhe final ec\Tatj_on on Foil 7 indicates 
that a band-width-limited immulse response ''hich is 
zero at all sam.pling times for t less than zero can be 
represented by a polvnomial in D, where D is a delav of 
one-half the period corresponding to the cut'’ off 
freouency. 

Foil 13 points out that an implication of the 
run-length constraint is that run-length-limited codes 
contain less than 1 bit of information per symbol and 
gi^'es examples ot the near-optimum codes iised for 
examples. Foil 14 presents the conseouence of this 
decreased information rate, lhe rationale is that both 
partial response and the d constraint are means of 
decreasing unpredictable inters^^anbol interference. For 
a data rate eoual to or less than the tVquist rate, we 
can eliminate this unpred.-ictable interference without 
using a d constraint simplv by using partial response, 
and the d constraint would gain us nothing. If the d 
constraint can aid a partial response channel, the aid 
must be in increasing the speed tolerance, that is, the 
extent to v'hich the ly^auist rate can be exceeded while 
maintaining a detectable signal. Foil 1 Sa shoxvs a 
graphical aid to demonstrating this consequence. 
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In order to miantify the heha'^rior sketched in Foil 
15, calculations were made of the eye opening 
obtainable from various partial response systems at 
data rates higher than the K^'^guist rate both with and 
without a d constraint. Foil 16 shovrs the basis of 
these calculations and foils 17 through 21 show the 
results. Similar calculations have been made vrithout a 
formal band width limitation using lorentzian, Gaussian 
and triangular impulse responses. The results are all 
similar and support the hypothesis presented on Foil 
27. If we accept the hypothesis of Foil 27, there 
appears to be little potential in using the d 
constraint to enhance the performance of partial 
response channels. 'The only instances where the d 
constraint could increase the eye opening is when more 
than 40^ of the maximum eye opening has already been 
lost to unpredictable interference from fxiture data. 
Since there are many contributions to signal 
interference (off-track, random noise, etc.), it is not 
realistic to allot this large a portion to a single 
source. 

Foil 28 demonstrates why the d constraint is 
ineffective, The d constraint decreases the 
interference between adiacent OFFs. However, in 
amplitude detection (sampled detection) , there are tv70 
sources of interference, interference between OFFs and 
interference between a OFF and a ZFFo. Lhe d 
constraint decreases the former interference while 
increasing the later. Foil 2^ demonstrates the 
effectiveness of the d constraint in reducing 
interference when peak detection is used, both in 


improving 

sharpness. 

peak 

positioning 

and increasing 

peak 

Foil 

30 

presents the 

conclusion 

this 


investigation. 
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Partial Response and 
Run-Length - LiTTii ted 
Codes are both methods 
of increasing data rate 
and storage density. 

The question is: Are 
these techniques 
complementarythat is., 
can they be used in 
conjunction to achieve 
more improvement than 
could be obtained with 
either alone? 


PARTIAL RESPONSE 
(a naive view) 


WE CHARACTERIZE THE CHANNEL BY ITS IMPULSE RESPONSE; 

f[t-r] 

f 

WHERE THE DELAY TERM, T, IS INCLUDED FOR GENERALITY. 


INFORMATION SYMBOLS ARE INPUT TO THE CHANNEL AS IMPULSES 
OF AMPLITUDE a„ AT TIME vT, WHERE T IS THE SYMBOL PERIOD, 

THUS, THE CHANNEL INPUT, xLl, IS; 


oo 



n--oo 


AND THE CORRESPONDING OUTPUT, VlH - IS; 


/If-r-nf] 


n = - oD 


SAMPLING WITH PERIOD T, 


03 


OC 


y^-Ll[kT]>)aJ[[k-v\T-r] =)aj, 


k-n 




f =0 FOR ALL i 4 0 


yk=fo 


IF f.=0 FOR ALL (-0. 

'l 

y =ya f. 

^ k / T) • k-n 

n = — CX3 




k’i 


fo 


y ' ' » 


n = -oo 



Partial Response 
provides a method for 
compensating for 
interference from past 
data potentially 
perfectly. but relies 
on the channel impulse 
response to avo1 d 
interference from 
future data. 



SAMPLING THEOREM 
(again.s naive) 



simi^ct-nTT] 

Uf-t-riTT 


n~- oo 




f{t]^0 for t~0 


P\D] 



RUN-LENGTH-LIMITED CODES 
(1n particular, d constrained) 

WE CAN ALLEVIATE PROBLEMS CAUSED BY THE CLOSE PROXIMITY 
OF TRANSITIONS (ones) BY ENCODING THE INFORMATION IN 
SUCH A WAY THAT THERE ARE ALWAYS AT LEAST C/"NO-TRANSITIONS" 
(zeros) BETWEEN TRANSITIONS. THE PENALTY IS THAT, DUE TO 
THIS CONSTRAINT, THE INFORMATION CONTENT OF THE CODE IS 
NO LONGER 1 BIT PER SYMBOL. 

AS REPRESENTATIVE, WE USE; 


d bits/symbol 

0 1 
1 2/3' 


SYMBOL PERIOD FOR 
EQUAL DATA RATES 


T 

2T/3 

T/2 


2 


1/2 
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In using RLL and PR. 
the symbol rate must 
be higher than the 
Nyquist rate. 

Any decrease in net 
interference must be 
due to the decrease 
from the d constraint 
being greater than 
the increase due to 
the higher symbol rate 



OPENING 



0 


LOG 


RATE 

NYQUIST RATE 







CALCULATION GROUND RULES: 

1. Impulse response given by 
system polynomial. 

2. PR compensates perfectly 
for all interference from 
the past. 

3. Rate is actual data rate, 
not symbol rate. 

4. Eye opening is the minimum 
positive 'ONE' signal 
minus the maximum 'ZERO' 
signal. 
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SOLID LINE ■* D»0 
DOTTED LINE* D-1 
DASHED LINE* D-2 



NORMALIZED DATA RATE 









NORtIfiLIZED DATR 
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SOLID LINE ■* D*0 
DOTTED LINE* D-1 
DASHED LINE* D*2 



1.15 1.20 1.25 1.30 1.35 1.4Q 


norhalized datr rate 




cr> ::c rn T3 o rn-<rn 
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CLASS IJ ii * 2D * D*2) 



NORMALIZED DATA RATE 




HYPOTHESIS: 

At a data rate where 
a d=0 code with a rate 
of 1 has an eye opening 
from 60% to 100%<, use 
of a d=l^ rate=2/3 or 
a d=2<, rate = l/2 code 
at the same data rate 
wi 11 decrease the 
eye opening« 
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CONCLUSION: 

✓ 

RLL is generally 
ineffective when used 
with partial response 
due to the fact that 
partial response<, as 
presently considered^, 
entalIs ampl1tude 
detection and RLL does 
not complement 
amplitude detection 
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ZERO-FILLED BIPOLAR CODES 


A read clock must be recovered from the reproduce signal 
waveform even in the presence of long strings of zeros. 

Much effort has gone into finding codes that are self¬ 
clocking, and also those that have no dc component. The 
purpose of this talk is to describe advantageous methods 
that are in common use in the communications area, but that 
have not seen use in magnetic recording. 

The basic principle^ is to scan the input data stream for 
groups of n adjacent zeros. When found, they are replaced 
by a special fill sequence. After detection, the fill 
sequences are recognized by some special properties not 
possible in the original data, and are replaced by zeros. 

2 3 

Bipolar codes, which are used in PCM telephone transmission, ' 
obey a polarity alternation rule: —successive input signals 
alternate in polarity. Fill sequences can then be constructed 
with violations of the polarity rule, and can be recognized 
by this property. 

Class IV partly response is readily achievable (and was 
first proposed ^by interleaving bipolar signals, and thus 
can also be filled. The even and odd bits each obey the 
polarity alternation rule separately within the two sub¬ 
sequences. Fill sequences can again be recognized by the 
pattern and polarity of violations. 

The scope pictures show examples of fill sequences as 
reproduced from an instrumentation recorder, filled bipolar 
at 33 KFCI, and filled interleaved bipolar at 40 KFCI, on 
standard coercivity ■3r'-Fe202 tape. While the equalization is 
not good, the fill sequences are quite clear. Spectra of 
filled and unfilled codes, taken at a higher data rate, show 
that zero-filling does not greatly change the energy distri¬ 
bution versus frequency. 

Note that filling changes neither the signaling rate nor the 
clocking window. 

^V. I, Johannes, A. G. Kaim, and T. Walzman, "Bipolar Pulse 
Transmission with Zero Extraction," IEEE Trans. Comm. 

Tech. COM-17, p. 303 (1969). 

2 

M. R. Aaron, "PCM Transmission in the Exchange Plant," 

BSTJ, V41, p. 99 (1962). 

3 

A. Croisier, "Introduction to Pseudoternary Transmission 
Codes," IBM J. Res. Devel., V14, p. 354 (1970). 

M. K. Haynes 
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CLOCKING METHODS 


Pilot Tone 
Parallel Channels 
Constrained Input Code 
Self-Clock!ng Code 


FM, PE 
MFM, ZM, 
RLC:- 


0,3 


MMFM 
; 2,7 


Zero Filling 



ZERO-FILLING 


Replace Group of n Zero's 
with Fill Sequence 

Recognize Unique Property 
of Fi11 Sequence, and 
Replace with Zero's 

MFM -- a FI 1 led Code 

Bipolar Code 

Polarity Alternation 
Violation of Rule 




lojy/^w. ' 


3e^ 

Trac^kC 

He. ^OO. 


fam 











mm 


FILLED BIPOLAR CODE 


tz-i 


Choose Fill Sequence:- 
■ 'XOVBOV 

Choose X to make 1st V + 
Second V is - 

0,5 Code Results 

DSV = 2 

Single-Bit Errors 
Always Detected 
Cannot Propagate, or 
Simulate Fill 



Resync Sequence 


iBNt 




A!;-. ; 












FILLED INTERLEAVED BIPOLAR 


Class IV Partial Response 

Polarity Alternation In 
each Subchannel 

Choose Fill Sequence 
'XXOOVV 

Choose X's for Odd Parity 
In each Subchannel 

One V 1n each Subchannel 
Opposite Polarities 
Alternates from last 




I 



Other Features Similar 


\&m 



IBM 


I in 



f;lle/ 3; Ur 



klfCl 




Mtet 







tSM 







J^terle^^e^ B'-fdar- Sfertr^>^ 





^'tiled J’urer leas/^eid Spec't^^^ 


i8>P 





17^ 


IBM CONFIDENTIAL 

THE POWER OF EQUALIZATION 
AND INTEGRATED NRZl DETECTION 

By 

E. Hopner, Carmel, 1/13/81 


I. PARTIAL DELAY LINE (Si-Kee Au) 


Flexible Disk Implementation 


Fig. lA shows a delay line equalizer with total reflection and a delay of 
a fraction of the bit time. Fig. lb indicates graphically the time domain 
equalization process. 


Fig. 2 shows the measured transition frequency response of an implemented 
partial delay line equalizer. The net effect is doubling of the available 
band width. 


Fig. 3 shows the drastic improvement of the pulse (slimming) and the 
detection capability of the equalized signal at twice the density of the 
original NRZl signal. The recorded density of a 1 mil Mylar chromium oxide 
disk was 40 Kbits/inch at 20 Mbits/sec. 


B. Coronado Simulation 

Way Mun Syn simulated a typical Coronado pulse using SDL, which is shown in 
Fig. 4. A composite Coronado output signal was simulated by linear super¬ 
position for a characteristic binary sequence 1110101000. This 
sequence was chosen because it contains the highest frequency well 




The Power of Equalization and Integrated NRZl Detection 
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B. Coronado Simulation (continued) 


as the lowest (DC), together with fg and is convenient for signal processing 
studies. The "eye" diagram of the Coronado signal (Fig. 6, sampled at the 
peaks of the undistorted fg frequency) indicates considerable closing at 
Coronado rates (10 K transitions per inch or 16 Mbits/sec.) 

Fig. 7 shows the simulated equalized signal using partial delay line 
principles as per Fig. IB. As compared to the original Coronado pulse 
of Fig. 4, significant pulse slimming has been achieved. 

Fig. 8 shows the composite equalized Coronado signal at 15 K transitions per 
inch, or a 15 M bits/sec. for the same binary sequence as shown in Fig. 5. 
Fig. 9 shows the corresponding "eye" diagram which shows little distortion 
(open) at 50% increase of density. 


II. INTEGRATED NRZI 


A. Experimental System (Sl-Kee Au) 

Fig. 10 explains the detection principles of INRZI. 

Fig. 11 shows the measured transition frequency response of an experimental 
system. 

Fig. 12 shows the performance of INRZI at the -28 dB point of Fig. 11, which 
is at 4 M bits/sec., or 2 MHz. This is a 4X increase in density as compared 
to the NRZI 3 dB working point (500 KHz or 1 M bits/sec.). Integration and DC 
restoration shows an open "eye" diagram at 4 M bits/sec. 


B. Bell and Howell Implementation (Au) 

Fig. 13 shows the INRZI results achieved on a Bell and Howell instrumentation 
recorder, designed to operate at 33 K bits/inch, with a nine-track head. 

100 K bits per inch have been demonstrated at 6 M bit rate and at 60 IPS. 

Fig. 13 shows an open "eye" and a completely restored binary signal, using a 
clock derived from the INRZI signal. 
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C. Coronado Simulation 


The partial delay line equalized signal shown in Fig. 7 was used as a 
basis for linear super-position simulations by Way Mun Syn. 

Fig. 14 shows the composite Coronado signal at 15 K transitions/inch 
with partial delay line equalization only (broken line) and after straight 
integration (solid line). 

Fig. 15 shows the Coronado signal before (broken line) and after straight 
integration (solid line) at 50% increased density (23 K transitions/inch). 
The ”eye** opening is 20% reduced, or it is approximately 80% open for the 
test pattern shown (1110101000). 
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PARTIAL DELAY LINE 
EQUALIZER 


iV Apply a Peak Amphasized Equatizatiost 
Technique for Extension of Existing 
Channel Bandwidth (Cont'd.) 

(a) Basic Circuit Configuration “ Bit Time 



(b) Basic Principle of the Equalization Process 
in Time Domain 


To Tdi Td2 
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INRZ9 CODE 


Pulse No Pulse ^ 1 

No Pulse Pulse 0 


Figure 4. WAVE FORMS AT AND 
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Actual results at 100 Kbits/inch are shown in Figure 2. 
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Figure 


Recovered read-back signal, 
after signal processing and 
recovered NRZI data at lOOK 


cLd^K-^r> r>A7 ^ ^//r/?3 


Superposition of recovered 




data signals indicating neg¬ 
ligible interbit interference 
at sampling times. Clock 
signal was derived from the 
analog data signal. 


Figure 2c. 

Superposition of processed 
signal with derived clock 
for the same data sequence 
At sampling time (the posi¬ 
tive going edge of the clock) 
the ’T'-condition signal is 
near.the 0-voltage (center) 
level, while the 'O'^-condi- 
tion signals are at unambi¬ 


guous positive or negative 


levels. 
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FROriTIER TECHNOLOGY 


GOALS 


FRONTIER 

CORONADO 


30 Kb/in. 

15 Kb/in. 

c'n 

6 MB/sec. 

3 MB/sec. 

♦ V 

1600 tracks/in. 

800 tracks/in. 

ap 

. 

y 

CO- 

12 Msec average access time 

Head-arm assembly 

18 Msec average access time 

i-KX 


independently controlled 


COLUMBIA FILES 


Cl 

FCS 

1086 

C2 

FCS 

3086 


RLComstock 

1/12/81 



IBM CONFIDENTIAL 


Objectives 


FRONTIER 


Data Transfer Rate: 


6 X 10 Bytes/Sec 


.6 


or 48 X 10 Bits/Sec (8 Bit Byte) 


Data Density 


1600 Tracks/in (63) 

30 X 10^ Bits/in (1180) 


2,7 Code Requirements 
Coding Example: 

Data 101010001111 

Coded Data 010001000100000010001000 

Clock 111111111111111111111111 


Clock Rate 


96 X 10 Hz 


Transition Density 


Transition Rate 


15 X 10 Transitions/in (786) 

Max Min 

32 X 10® Tr./sec 12 X 10® Tr./sec 


Readback Frequency 
(equiv. sinewave) 


16 X 10 Hz 


6 X 10® Hz 


Media Velocity 


1600 In/sec (4.06 X 10 ) 
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Possible Combinations of Head/Disk/System Choices 


1) Servo ; 

Q) slde>by-slde dual element head 

b) ac“blas recording 

c) disks thick particulate 

or 

dual layer film 


2) Sector Servo : 

a) single element R/W head 

or 

superimposed dual element R/N head 

b) saturation recording 

c) disks - thin particulate 

or 

single layer film 
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REDean 


DATA BASE 
SINGLE ELEMENT 
THIN FILM HEADS 
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DISK 


HEAD 


rWflOTH B 
He - 320 OE 

S - 18 M* 

PVC - 30X 

®3db 

AMPLITUDE (uVPP) 


3/1.18/3 2.2/1.1/1.6 


8 

170 


11 

175 


HEP 

He - 600 OE 
S - 23 1^' 
PVC * 20X 

^3db 

AMPLITUDE 


8.8 

140 


12.7 

IV 


AURORA 
H- - 750 OE 

D3db 

AMPLITUDE 


11.4 

75 


14.6 

58 


* Marginal Saturation 


1.7/0.9/1.6 


10.8 

260 


12.6 

m 


14.7 

no 


lhb1sp506 
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TUCSON RECORDING TECHNOLOGY 

MISSION 

Low COST INFORMATION STORAGE ON MAGNETIC TAPE 

ADVANTAGES OF MAGNETIC TAPE 

Low COST (< $1/ft^^ < 10^/MByte) 

High volumetric efficiency (MSS=7^ Saguaro=15 GB/ft^) 
Easily removable from machine 
Configuration flexibility 

DISADVANTAGES OF MAGNETIC TAPE 

Poor surface quality 

Thick coatings (Saguaro thickness = A bit lengths) 
Dropouts (<20% signal for several hundred bit lengths) 

PROBLEMS WITH MAGNETIC TAPE 

Removability leads to interchangeability 
Downward compatibility is required 


MRC/gh/111 

1/09/81 


IBM CONFIDENTIAL 









ERROR PREE 


ERROR - NO 
SYNC LOSS 


ERROR r SY 
LOSS 
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MASSIVE Ti HARDWARE 















Typical l^<|oin ■ Error 

Track Density = 5 TPM,! TracJc MMt& * 178 ^croii^l 
SNR is 26 d8 average,;'®?^:®' pEiri^ ' 
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DEL ORO TECHNOLOGY 


Product Name 

PCS 

Data Rate (MB/Sec) 

Capacity (6B) 

Number of Tracks 
Tape Velocity (MPS) 

Linear Density (K Bytes/inch) 

(K Bytes/m m) 

Data Reliability (Bytes/error) 

Bit Length (in) 

Separation for 6 DB loss ( yU . in) 
Read Downward 
Write Downward 
Tape 

How? 

Improved signal processing 
Improved error correction 


mc/GH/m 
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Saguaro 

Palo Verde 

None 

1982 

1985 

1989 

3 

6 

12 

1/6 

1 

2 

18 

18 

18 

2 

2 

2 

38.1 

76.2 

152.A 

1.5 

3 

6 

10^2 

6 X 10^^ 

10^^ 

A5 

23 

11 

10 

5 

. 2.4 

No 

Yes 

Yes 

No 

Yes 

Yes 

Pegasus 

Pegasus 

New 
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TECHNOLOGY PLANS 


MORE EFFICIENT MODULATION CODES (REDUCE FCI/bPI) 
IMPROVED EQUALIZATION (WRITE^ ADAPTIVE) 

BETTER SNR (ELECTRONICS ON HEAD) 

MORE POWERFUL ECC (r-S DECODER^ CONVOLUTIONAL CODES) 
PARTIAL RESPONSE CHANNEL 
VITERBI DECODING 


head/tape dependencies 

INCREASED LINEAR DENSITY 
VERTICAL COMPONENT 
SHORT GAP HEADS (10 /( IN) 
ULTRA SMOOTH TAPE SURFACE 
ELECTRONICS PACKAGED ON HEAD 


MRC/gh/116 
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Saguaro Recording Channel 


Introduction 

Saguaro is the code name for a 1/2 inch eighteen track tape 
product now in development. The recording channel developed 
for this product has a number of unique characteristics. 

Many of the special characteristics are related to the use 
of a two-turn inductive write head and a Magneto-Resistive 
(MR) read head. 

Write System 

The power dispation in the 18 track two-turn write head 
required the use of a pulse write technique. Early testing 
showed that pulse writing even with large variations in 
pulse width made no discernible difference in read signal 
amplitude or shape. A pulse width of 1/6 the bit period was 
finally chosen for time multiplexing convenience. 

An early problem with the MR-read head was a distortion 
problem with high amplitude long wave length signals. The 
MR head was designed to provide high sensitivity to the low 
amplitude short wavelength signals. High amplitude signals 
tended to flaten the peaks. The solution to this problem 
was to precode the write data so that all read signals were 
of the same amplitude. The precoder can be modeled as a 
digital filter. The filter response has zero gain at dc, 
unity gain at the all I's and amplification for those 



harmonics above the all I's. This response has the advantage 
of increasing the signal-to-noise-ratio (SNR) for these 
higher harmonics. This improved high frequency SNR signifi¬ 
cantly reduces the ISI during media defects. The reduction 
in low frequency energy content in the write signal also 
decreases the write-over-modulation problem. 

Read Equalization and Detection 

The MR read signal using the write-precoder looks very much 
like the write wave form. The method of detection that had 
been implemented before the precoder introduction was based 
on a peak sampling detection scheme. The only change that 
was made to the read system (when the precoder was implemented) 
was to change the read filter (equalization) response. The 
principal parts of this filter system are a simple two pole 
band pass filter in the preamplifier, and a complex pole 
pair for a low pass filter on the Read-Detection card. The 
final filter sections are parallel simple pole sections for 
producing the 90 degree phase shifted derivative for clock 
extraction. 

The detection system samples the equalized read signal once 
each read clock period. The sampled signal is compared to a 
threshold. If a positive peak is expected, a peak (one) 
will be called if the sampled data exceeds the threshold, if 
not then a zero is called. Once a positive peak is detected 
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the comparison is switched so that the next one is detected 
when the sampled signal falls below the negative threshold. 
The equalized signal is formed such that zero samples have 
values that are further from the threshold than the zero 
baseline. As a result the threshold is normally set at 
about 35% of the average peak amplitude. 

The amplitude histogram indicates that the nominal SNR for 
this system is very high. The dominant failure mode is 
dropouts (fades). The log of the histogram shows that the 
low amplitude part of the data is not due to the tails of a 
normal distribution centered at nominal signal amplitude. 
This supports the conclusion from failure analysis that most 
error conditions are associated with some significant loss 
in nominal amplitude. 

Reliability and ECC 

The average raw reliability for interior tracks is well 
above the initial objective of 1E7. However, the exterior 
tracks especially track 18 may be from a factor of two-to- 
ten lower than the interior tracks. A large variation in 
edge track performance has been a traditional problem. 
Continuing effort is being made to better understand and 
control this variation. 
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One of the major concerns about the present recording channel 
is its cliff-like sensitivity to many parameter variations. 
Additional testing is necessary to better understand this 
phenomenon. 

The Error Correction Code (ECC) has the ability to correct 
up to four tracks in error at one time. The tracks in error 
must be divided so that not more than three tracks in either 
subgroup are in error. For some of the error conditions the 
error correction system needs the assistance bf hardware 
pointer (eraser) information. The ECC system has the ability 
to take 4E6 raw error performance and map that into 1E12 
mean bytes to failure. This 1E12 mean bytes to failure 
is the recording system's performance objective. 

J. A. McDowell 
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SA6UAR0 RECORDING CHANNEL 


WHAT IS IT 

WHY IS IT 

INITIAL PULSE WRITE 
m HEAD - DISTORTION 
WRITE PRECODER 
METHOD OF DETECTION 
NOISE AND FAILURES 

HOW IS IT - RELIABILITY 

RAW RELIABILITY 
ECC 
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S A G U A R 0 


DENSITY 


972FCMM (2^.8kfci) 


MODULATION CODE 


8/9 (0. 3) 


ECC - AXP 


14/18 TKS 


HEAD - 2 TURN INDUCTIVE WRITE 
MR - DC BIASED READ 


TRACK PITCH 
WRITE WIDTH 
READ WIDTH 


630um (24.8 mills) 
540um (21.3 mills) 
410um (16.1 mills) 


MEDIA - PEGASUS 


cro2 


MEDIA VELOCITY 


2.0m/sec (/8./ IPS) 


READ CLOCKING RATE 


1.944 MHZ 


CUSTOMER DATA RATE 


3.0 M BYTES/SEC. 
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CHANNEL MODEL 


”1 


DIGITAL 

IN 



DIGITAL 

OUT 


CHARACTERIZED BY: 

“ INPUT - OUTPUT TRANSFER FUNCTION 

“ PEAK AMPLITUDE LIMITED 

° NOMINAL SNR > 30 db 

° * DOMINANT DETECTION FAILURE DURING 

DROPOUT (MEDIA DEFECTS?) 
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MAGNETO-RESISTIVE HEAD 
MR HEAD 


R - RESISTANCE 





BIAS 

SUPPLY 


OUTPUT SIGNAL 
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PRECODER 


0 1 

L_ NRZI 


_ PRECODED 




PULSE PRECODED 


^—> 


y(t) 


2 


Y ((jJ) ^ ^ sin coT/4 

cos a)T/4 
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MAGNITUDE 



PHASE (IN RADIANS) 
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PRECODER miTE 
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SAGUARO ANALOG EQUALIZATION 



U>f>, . 6 3 V 

= I, 3 ' 


q ^ 2 . 23 - 


^Pi - 
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HEM OUTPUT ♦ FILTER INPUT 



P £A H 


PETS C T lO A/ 



ucf f i i 

teaJ 


r#/R BS H OL P 





CHANNEL FAILURE 


MODES 


FREQUENCY 

OF 

OCCURANCE 



1. FAILURE USUALLY RELATED TO DROPOUT 

2. LEVEL OF FAILURE DETERMINED ISI 

3. ISI - CONTROLLED BY EQUALIZER - CHANNEL MATCH 

A. ACCURACY OF MATCH - RELATED TO INITIAL TOLERANCE. 
. INTERCHANGE. AND DEGRADATION WITH TIME. 




FREQUENCY 
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HOW IS IT DOING 


RELIABILI 

TY - 18 

CARTRIDGES 


tkI 

4 

MIN 

.3 

2.3 

MEAN 

29.2 

47.1 

MAX 

82.9 

79.7 


HARMONIC MEAN 42.65 e6 


9 

13 

18 

2.8 

3.4 

4.7 

45.3 

57.1 

17.2 

82.7 

83.0 

81.2 

MBF 




problems: 

EDGE TRACKS LOWER ESPECIALLY 18 
BACKWARD PERFORMANCE VARIABLE 

CLIFF LIKE SENSITIVITY TO MANY PARAMETER VARIATIONS 


e6 MBF 
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SAGUARO RRROR CORRLCTIOIJ 
ADAPTIVE CROSS PARITY (Aj:P) 
A. PATEL 


Errors corrected up to position (m-1)—i—Sv^ y-Sd^ 

I j m / m+i 



will correct the following error combinations; 

GROUP A 1 0 11 2' 2 13 -^ Tracks in er ror gr oup A 

GROUP B 01121231 Tracks in error group B 

VJith pointers will map 4E6 MBF rav/ relibility into 
greater than 1E12 mean bytes to failure. 
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POST COMP 

Our concept is to provide an improvement in magnetic recording 
performance by skewing the normal detection windows for a peak 
detection system. 

The skew is determined by logic applied to past detected bits, 
providing a form of Decision Feedback, or examining information 
past and future (via delay of signal) to provide more information 
on the proper skew of the window edges to minimize the effect of 
intersymbol interference. This provides some of the benefits that 
a verterbi system would give. 

Post Comp is compared to other signal processing using an 8 out 
of 9 code specific example. 

Pre Comp is very effective in reducing ISI for codes with low 
FCI/BPI such as RLL(2,7) by increasing the high frequency content ' 
into the recording. However a high rate code such as 8 out of 9 
already provides very nearly maximum high frequency content into 
the recording and any pre comp will actually reduce the S/N. 

In this case post comp is superior as it increases the margin at 
the detector without increasing noise content. 

Time shifting of windows has a very similar effect to shifting 
the amplitude threshold as in a DC and low frequency restoring 
system. The restoring system is shown to be benefitial in 
improving detector margin if only partial ISI reduction is used. 
Since there are some distinct differences in post comp and restore 
systems, one may be superior or easier to implement in a specific 
case . 

It is also interesting to note that a sampling detector will 
fail on the same signal that a peak detector runs adequately and 
witia post comp implemented, would run even better. This does not 
mean that a peak detector is necessarily superior to a sampling 
detector, but that for proper operation, both cannot operate from 
the same waveform. Actually the sampling detector must have a 
higher amount of equalization (high boost) to run properly. 

If one considers that a peak detector is really a differentiator 
followed by a zero crossing detector, it can be seen that the 
differentiator actually provides more high frequency boost so 
that the zero crossing detector will operate properly. Although 
phase differences exist, the magnitudes of optimally equalized 
waveforms (and also noise spectrums) for a zero crossing detector 
and a sampling detector are very similar. The performance of each 
system should then be very similar. 

Post Comp applied to*, a peak detector may therefore function 
better than an optimized sampling detector. Post Comp should 
also be able to be implemented without much difficulty in a system 
using standard peak detection with delta V extra bit elimination. 
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